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ABSTRACT 

Low c i r c u l a r  E a r t h  park ing  o r b i t s  t h a t  are synchronized 

t o  a l low passage over  t h e  launch s i t e  a t  l e a s t  once every s e v e r a l  

days and t o  allow f r e q u e n t  zero-plane-change t r a n s f e r s  t o  a 

s p e c i f i e d  l u n a r  p o l a r  o r b i t  a r e  determined. This  memorandum 

p r e s e n t s  40 o r b i t s  which have a l t i t u d e s  less than  300 nmi, 

l u n a r  o r b i t  o p p o r t u n i t i e s  a t  least  once every  s i x  months, and 

passage over  t h e  launch s i t e  a t  l e a s t  once every t h r e e  days. 

A f e w  of t h e  40  o r b i t s  are impractical  because of very  l o w  

a l t i t u d e s  o r  i n c l i n a t i o n s .  Eighteen o r b i t s  r e s u l t  i n  Ea r th  

O r b i t  S h u t t l e  (EOS) payloads g r e a t e r  t h a n  t h a t  t o  t h e  Space 

S t a t i o n  o r b i t  a t  270 nmi and 5 5 O .  
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MEMORANDUM FOR FILE 

INTRODUCTION 

Ea r th  pa rk ing  orbits f o r  l u n a r  s h u t t l e  f u e l i n g  and 
payload assembly w i l l  be  r equ i r ed  i n  f u t u r e  l u n a r  mis s ions .  
These o r b i t s  should  be s u f f i c i e n t l y  l o w  i n  a l t i t u d e  and i n -  
c l i n a t i o n  so  t h a t  t h e  E a r t h  O r b i t  S h u t t l e  (EOS) can b r i n g  
l a r g e  payloads t o  them b u t  high enough i n  a l t i t u d e  f o r  
r e a s o n a b l e  o r b i t  l i f e t i m e s .  I n  a d d i t i o n ,  it would be  de- 
sirable f o r  v e h i c l e s  i n  t h e  Ear th  pa rk ing  o r b i t s  t o  p a s s  
o v e r  t h e  launch s i t e  a t  least  once every  several days  s o  
t h a t  t h e  EOS has  f r e q u e n t  d i r ec t  (no plane-change o r  phas ing)  
rendezvous o p p o r t u n i t i e s .  Another d e s i r a b l e  p r o p e r t y  i s  t h a t  
t h e s e  o r b i t s  have f r e q u e n t  o p p o r t u n i t i e s  f o r  zero-plane-change 
mis s ions  t o  a s p e c i f i e d  l u n a r  o r b i t .  Th i s  second p r o p e r t y  
r e q u i r e s  s y n c h r o n i z a t i o n  of t h e  E a r t h  o r b i t  r e g r e s s i o n  r a t e  
w i t h  t h e  Moon's angu la r  motion. Such miss ions  have t r a n s -  
l u n a r  i n j e c t i o n  ( T L I )  and l u n a r  o r b i t  i n s e r t i o n  ( L O I )  maneuvers 
t h a t  r e q u i r e  no AV p e n a l t i e s  f o r  p l ane  change. 

If t h e  Moon's o r b i t  and t h e  e q u a t o r i a l  p l a n e s  of 
t h e  E a r t h  and Moon w e r e  a l l  coplanar ,  t h e  E a r t h  o r b i t  s o l u -  
t i o n s  found below would be compatible  w i t h  zero-plane-change 
r e t u r n  from t h e  l u n a r  o r b i t  f o r  a p r o p e r l y  selected l u n a r  
o r b i t  s t a y  t i m e .  However, because of t h e  a c t u a l  Earth-Moon 
geometry, r e p e a t i n g  zero-plane-change r o u n d - t r i p  mis s ions  
cannot  be expec ted  t o  e x i s t .  

The a b i l i t y  t o  go t o  a s p e c i f i e d  l u n a r  o r b i t  i s  
r e q u i r e d  i f  it i s  necessa ry  t o  rendezvous w i t h  a l u n a r  
o r b i t  space  s t a t i o n .  S e l e c t i o n  of  a p o l a r  l u n a r  o r b i t  would 
a l l o w  complete l a n d i n g  s i te  coverage ( w i t h o u t  p l a n e  change) .  
The l u n a r  miss ion  might  involve  payload d e l i v e r y  or r e supp ly  
o f  t h e  s t a t i o n  and a l u n a r  landing  c r a f t .  

Under o t h e r  cond i t ions ,  i n i t i a l l y  r each ing  any 
l u n a r  o r b i t  would be  acceptab le ;  and t h e  pr imary requi rement  
would be f r e q u e n t  EOS launch o p p o r t u n i t i e s .  One such condi-  
t i o n  would be t h a t  t h e  l u n a r  s h u t t l e  has  t h e  c a p a b i l i t y  f o r  
large p l a n e  changes a t  t he  moon i n  o r d e r  t o  r each  t h e  l u n a r  
o r b i t  s t a t i o n .  Another p o s s i b l e  c o n d i t i o n  would be i f  t h e  
mis s ions  are d i r e c t  t o  t h e  luna r  s u r f a c e  w i t h  no rendezvous 
w i t h  a l u n a r  o r b i t  s p a c e  s t a t i o n .  
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S e v e r a l  s i m p l i f y i n g  assumptions a r e  made h e r e .  
A l l  park ing  o r b i t s  are assumed c i r c u l a r ,  and t h e  s p e c i f i c  
c h a r a c t e r i s t i c s  of t h e  Earth-Moon t r a n s f e r  t r a j e c t o r y  are 
ignored.  Abort c o n s t r a i n t s  a r e  a l s o  ignored .  The p l ane  
of t h e  l u n a r  o r b i t  is  assumed t o  be n o n r o t a t i n g  i n  i n e r t i a l  
space.  With a t r i a x i a l  Moon ( a l l  moments of i n e r t i a  d i f f e r e n t )  

t h i s  assumption holds  t r u e  only f o r  a p o l a r  o r b i t . '  
p l anes  of o t h e r  i n c l i n a t i o n s  do n o t  remain f i x e d  and r e q u i r e  
mod i f i ca t ion  of t h e  a n a l y s i s  given below. 

O r b i t  

\ 

The Ear th  o r b i t  i n c l i n a t i o n  must be equa l  t o  o r  
g r e a t e r  t han  t h e  l a t i t u d e  ( 2 8 . 5 O )  of t h e  launch s i t e  (Cape 
Kennedy) i n  o r d e r  t o  pas s  over t h e  launch s i t e  a t  a l l .  
S o l u t i o n s  f o r  lower i n c l i n a t i o n  o r b i t s ,  however, are in -  
c luded f o r  completeness.  

The d i s t u r b a n c e  a c c e l e r a t i o n  on an Ea r th  o r b i t  
v e h i c l e  due t o  t h e  non-spherical  f i g u r e  of t h e  Ear th  causes  
t h e  long i tude  of t h e  ascending node t o  r e g r e s s  whi le  t h e  
i n c l i n a t i o n  and a l t i t u d e  of t h e  o r b i t  r ema in  unchanged. 
(The long i tude  of t h e  ascending node s p e c i f i e s  t h e  p o i n t  
where  t h e  o r b i t  passes  over  t h e  e q u a t o r  i n  a n o r t h e r l y  

d i r e c t i o n ) .  
c i r c u l a r  Ea r th  o r b i t ,  r e l a t i v e  t o  a non- ro ta t ing  c o o r d i n a t e  

B a t t i n L  g ives  the  p r o g r e s s i o n  ra te  6 for a 

frame as, 

3 . 5  
R = -10 (- R + h  R ,  cos  i deg/day 

where R is  t h e  E a r t h ' s  e q u a t o r i a l  r a d i u s ,  h i s  t h e  o r b i t ' s  
a l t i t u d e ,  and i i s  t h e  o r b i t a l  i n c l i n a t i o n .  Contours of 
c o n s t a n t  r e g r e s s i o n  ra te  a r e  shown i n  F igure  1 a s  p l o t s  of 
a l t i t u d e  ve r sus  i n c l i n a t i o n .  Ea r th  o r b i t s  which g roqres s  

( h > O )  a l s o  e x i s t  b u t  a r e  r e t roq rade  ( i > 9 0 ° ) .  However, an 
EOS can d e l i v e r  l i t t l e  or no payload i n t o  r e t r o g r a d e  o r b i t s  
(from KSC l a u n c h ) ,  and they  w i l l  n o t  be  cons idered  f u r t h e r .  

LUNAR LAUNCH OPPORTUNITIES 

For a zero-plane-change d e p a r t u r e  from Ear th  o r b i t ,  
t h e  t r a n s f e r  t r a j e c t o r y  p lane  must c o n t a i n  t h e  Ea r th  o r b i t  a t  
d e p a r t u r e ;  and t o  reach t h e  Moon, it must con ta in  t h e  Moon a t  
t h e  t i m e  of a r r i v a l .  Launch o p p o r t u n i t i e s  occur  a s h o r t  t i m e  
( i . e . ,  t h e  t r a n s l u n a r  t r a n s f e r  t i m e )  b e f o r e  t h e  Moon passes  
through t h e  Ea r th  o r b i t  plane.  Th i s  s i t u a t i o n  r e p e a t s  a f t e r  



BELLCOMM, INC - 3 -  

t h e  Moon and t h e  Ea r th  o r b i t  p l a n e  have t r a v e l e d  roughly 180' 
r e l a t i v e  t o  each o t h e r .  Successive o p p o r t u n i t i e s ,  however, 
have t r a n s f e r  t r a j e c t o r i e s  which a l t e r n a t e l y  ascend and 
descend r e l a t i v e  t o  t h e  E a r t h ' s  equa to r  and t h e r e f o r e  have 
d i f f e r e n t  v e l o c i t i e s  r e l a t i v e  t o  t h e  Moon. I n  o r d e r  t o  
cons ide r  e x a c t l y  r e p e a t i n g  l u n a r  approach geometr ies ,  3 6 0 °  
i s  taken  a s  t h e  ang le  of t rave l .be tween o p p o r t u n i t i e s .  
The r e l a t i v e  angu la r  r a t e  i s  n - n ,  where r~ i s  t h e  mean 
angu la r  motion of t h e  Moon of 13.2'/day. Hence t h e  oppor- 
t u n i t i e s  t o  reach  t h e  Moon repeat a t  i n t e r v a l s .  

360' T =  - 
n - i  

A d e s i r e  t o  e n t e r  a g iven  p o l a r  o r b i t  a t  t h e  Moon 
w i t h  zero-plane-change r e s t r i c t s  o n e ' s  choice  of Ea r th  o r b i t .  
A v e h i c l e  on an Earth-Moon t r a j e c t o r y  w i l l  approach t h e  Moon 
a t  some hype rbo l i c  excess  speed and some ang le  wi th  t h e  
Earth-Moon l i n e .  F igu re  2 shows t h e  angle  as 8 .  This  
v e c t o r  must l i e  i n  t h e  l u n a r  o r b i t  p lane  i f  no p l ane  change 
i s  t o  occur .  F igu re  2 i l l u s t r a t e s  t h e  two t i m e s  i n  a l u n a r  
month when a zero-plane-change e n t r y  i n t o  t h e  l u n a r  o r b i t  
i s  p o s s i b l e .  Only one of t h e s e  t i m e s  i s  cons idered  s o  t h a t  
t h e  Moon w i l l  be t h e  s a m e  e l e v a t i o n  above t h e  Ea r th  equa- 
t o r i a l  p l ane  and t h e  geometry w i l l  r e p e a t  e x a c t l y .  
l u n a r  month used h e r e  i s  2 7 . 3  days i n  l e n g t h  and i s  r e l a t e d  
t o  i n e r t i a l  space i n d i c a t e d  by d i s t a n t  stars.) 

(The 

I n  summary, a zero-plane-change t r a n s f e r  from an 
E a r t h  o r b i t  t o  a given l u n a r  p o l a r  o r b i t  has  t w o  requirements .  
The Earth-Moon t r a n s f e r  t r a j e c t o r y  p l ane  ( a l s o  t h e  E a r t h  o r b i t  
p l ane )  a t  TLI  must c o n t a i n  t h e  Moon a t  L O I ,  and t h e  l u n a r  p o l a r  
o r b i t  p lane  a t  LO1 must be a t  a s p e c i f i e d  ang le  t o  t h e  Earth-  
Moon l i n e .  The f i r s t  requirement r e p e a t s  a t  i n t e r v a l s  of t h e  
t i m e  T (g iven  by Equat ion ( 2 ) ) .  The second requirement  r e p e a t s  
a t  i n t e r v a l s  of a l u n a r  month. I n  o rde r  f o r  t h e  two r e q u i r e -  
ments t o  occur s imul taneous ly  a t  r e g u l a r  i n t e r v a l s ,  an i n t e g e r  
number k of T I S  must be  equal  t o  an  i n t e g e r  number j of l u n a r  
months o r  
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Hence, t h e  requi rement  thaf .  j and k be  i n t e g e r s  i s  e q u i v a l e n t  
t o  t h e  requi rement  t h a t  n/Q be a r a t i o n a l  number. This  r egu la r  
matching of t h e  requi rements  i s  i l l u s t r a t e d  i n  F igu re  3 w i t h  
k=2 and J=3. 

Thoice of  t h e  q u a n t i t y  k / j  ( o r  r ! / h )  s p e c i f i e s  bo th  
R de te rmines  a curve o f  h vs i i n  F igu re  1, s p e c i -  T and h .  

f y i n g  a fami ly  of  E a r t h  o r b i t s .  
t o  j ' s  ( l u n a r  months) between 1 and 6 f o r  i n t e r v a l s  between 
o p p o r t u n i t i e s  up t o  6 months. The k ' s  ( l u n a r  opportuni: 
i n t e r v a l s )  chosen are l i m i t e d  by t h e  maximum v a l u e  of I Q T  of 
10°/day f o r  an o r b i t  of zero a l t i t u d e  and i n c l i n a t i o n .  

The 9 d o t t e d  cu rves  cor respond 

I f  t h e  E a r t h ' s  e q u a t o r i a l  p l a n e ,  t h e  l u n a r  o r b i t  
p l a n e ,  and t h e  l u n a r  e q u a t o r i a l  p l a n e  w e r e  t h e  same, t h e n  
t h e  a n g l e s  i n d i c a t e d  i n  Equat ions ( 2 )  and ( 3 )  would be  180' 
i n s t e a d  of  t h e  360' shown. One would n o t  have t o  d i s t i n g u i s h  
between t r ave l  ascending  o r  descending r e l a t i v e  t o  t h e  common 
p lane .  I n  t h i s  case, zero-plane-change o p p o r t u n i t i e s  would 
occur  a t  i n t e r v a l s  of j / 2  l u n a r  months. With t h e  a c t u a l  
Earth-Moon geometry, however, a l t e r n a t e  o p p o r t u n i t i e s  r e q u i r e  
a non-zero p l a n e  change. 
on many f a c t o r s  and i s  beyond t h e  scope of t h i s  s t u d y .  

The s i z e  of t h i s  p l a n e  change depends 

EARTH TO EARTH-ORBIT LAUNCH OPPORTUNITIES 

A s  an o r b i t i n g  v e h i c l e  t ravels  around i t s  o r b i t ,  
t h e  E a r t h  r o t a t e s  under t h e  o r b i t  and t h e  o r b i t  p l a n e  re- 
g r e s s e s  due t o  t h e  E a r t h ' s  o b l a t e n e s s .  Rela t ive  t o  a p o i n t  
on t h e  E a r t h ' s  s u r f a c e ,  t h e  o r b i t  p l ane  makes one c i r c u i t  
i n  t h e  t i m e ,  

360' T =  ( 4 )  
w -n i e  

where wie = 360.99'/day i s  t h e  E a r t h ' s  i n e r t i a l  r o t a t i o n  ra te .  

(T i s  approximately one day,  because h i s  much smaller  t h a n  
w i n  magnitude. ) i e  

The a n g u l a r  motion i n  t h e  o r b i t  must b e  synchronized  
w i t h  T f o r  an o r b i t i n g  v e h i c l e  t o  pass  ove r  t h e  launch s i t e  
every  few days.  The mean angu la r  motion i n  t h e  o r b i t  i s  g iven  
approximately by, 
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where P i s  t h e  g r a v i t a t i o n a l  c o n s t a n t  of t h e  Ea r th .  I f  passage  
over  t h e  launch s i t e  a t  l eas t  every  m days i s  d e s i r e d ,  t hen  one 
must have, 

m T = 360° n/w ( 6 )  

where n i s  t h e  number of o r b i t a l  p e r i o d s  and both  n and m a r e  
i n t e g e r s .  

I f  m and n have been d i v i d e d  by t h e i r  g r e a t e s t  common 
d i v i s o r  and i f  pas ses  over  t h e  launch s i t e  a t  only one azimuth 
are cons ide red ,  t hen  t h e  time between success ive  launch s i t e  
passes  is g iven  by mT. (The launch l a t i t u d e  i n t e r s e c t s  t h e  
o r b i t  trace a t  t w o  p o i n t s ;  only one i s  cons ide red ,  because,  
i n  g e n e r a l ,  t h e  phasing i n  t h e  o r b i t  can be correct a t  only  
one . )  F igu re  4 (from Reference 3) shows curves  of h vs i f o r  
f a m i l i e s  of o r b i t s  which m e e t  t h e  c o n d i t i o n s .  F igure  4 i s  
r e s t r i c t e d  t o  o r b i t s  which have i < 90' and m < 3 corresponding 
t o  a maximum of about  3 days between launch o p p o r t u n i t i e s .  
(Reference 3 g i v e s  curves  f o r  m < 7 . )  O r b i t s  w i th  h < 1 0 0  
nmi may be i m p r a c t i c a l  because OF t h e i r  s h o r t  l i f e t i m e s .  

SOLUTION ORBITS 

O r b i t s  which have both f r e q u e n t  passage  over  t h e  
launch s i t e  and f r e q u e n t  lunar  launch o p p o r t u n i t i e s  are t h e  
s o l u t i o n  o r b i t s .  They occur  a t  t h e  i n t e r s e c t i o n  of t h e  d o t t e d  
curves  from F igure  1 wi th  curves from Figure  4. Table 1 pre-  
s e n t s  t h e  s o l u t i o n  o rb i t s  t h a t  pas s  over t h e  launch s i t e  a t  
l eas t  once every t h r e e  days,  t h a t  supply  l u n a r  o p p o r t u n i t i e s  
a t  l eas t  once i n  s i x  months, and t h a t  have i < 90' and h < 300' 
nmi. The o r b i t s  a r e  i n d i c a t e d  by a l t i t u d e  (above t h e  e q u a t o r )  
i n  n a u t i c a l  m i l e s  and i n c l i n a t i o n  i n - d e g r e e s .  Each s o l u t i o n  
i s  a l s o  c h a r a c t e r i z e d  i n  Table 1 by s2 i n  deg/day, t h e  t i m e  i n  
l u n a r  months (j) between o p p o r t u n i t i e s  t o  reach  a s p e c i f i c  
l u n a r  p o l a r  o r b i t ,  and t h e  values  of m and n ( t h e  number of 
days and t h e  number of o r b i t a l  p e r i o d s  r e s p e c t i v e l y  between 
E a r t h - t o - o r b i t  launch o p p o r t u n i t i e s ) .  X's i n  t h e  t a b l e  
i n d i c a t e  t h a t  t h e  corresponding s o l u t i o n  o r b i t s  do n o t  e x i s t .  
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S e v e r a l  t h i n g s  a r e  worth n o t i n g  about  s p e c i f i c  o r b i t s  
g iven  i n  Table  1. Most of t h e  s o l u t i o n s  i n  t h e  columns con- 
t a i n i n g  X's are i m p r a c t i c a l  due t o  low i n c l i n a t i o n s .  S e v e r a l  
o r b i t s  i n  t h e  bottom row may b e  i m p r a c t i c a l  because of t h e i r  
l o w  a l t i t u d e s .  
t h e  h i g h e s t  payload s o l u t i o n s  are i n  g e n e r a l  those t h a t  have 
bi-monthly o p p o r t u n i t i e s .  The o r b i t  a t  270 nmi and 55.0' i s  
t h e  space  s t a t i o n  o r b i t .  

For a given Earth- to-Earth o r b i t  f requency,  

Addi t iona l  s o l u t i o n s  can be  found by r e l a x i n g  t h e  
r e s t r i c t ions  on a l t i t u d e ,  i n c l i n a t i o n ,  l u n a r  o p p o r t u n i t y  
f requency,  and/or Ea r th  o r b i t  launch frequency.  O r b i t s  w i th  
less f r e q u e n t  o p p o r t u n i t i e s  t o  reach  a given l u n a r  o r b i t  have 
a l t i t u d e s  and i n c l i n a t i o n s  between t h o s e  of o r b i t s  w i t h  m o r e  
f r e q u e n t  o p p o r t u n i t i e s .  Orb i t s  t h a t  pas s  over  t h e  launch 
s i t e  less o f t e n  a l s o  occur  w i t h  h < 300 nmi and i < 90'. 
Other  s o l u t i o n s  a t  h ighe r  a l t i t u d e s  and i n c l i n a t i o n s  have 
o p p o r t u n i t i e s  as f r e q u e n t l y  as  t h o s e  p re sen ted  i n  t h e  t a b l e .  

I f  a s p e c i f i c  l u n a r  o r b i t  i s  n o t  d e s i r e d ,  s o l u t i o n s  
are n o t  cons t r a ined  t o  be ing  m u l t i p l e s  of a l u n a r  month. The 
only r e s t r i c t i o n s  then  are t h e  Ea r th  o r b i t  launch r e s t r i c t i o n s  
i n d i c a t e d  by t h e  curves  of F igure  4 .  Equat ions (1) and ( 2 )  g i v e  
t h e  approximate t i m e  -c/2 between o p p o r t u n i t i e s  t o  reach  t h e  moon 
from an o r b i t  i n d i c a t e d  by a p o i n t  i n  t h i s  f i g u r e .  

F igu res  5 and 6 superimpose s o l u t i o n  p o i n t s  on 
s h u t t l e  payload c a p a b i l i t y  contours  (of  h vs  i) from Refer- 
ence 4 .  F igure  5 r e p r e s e n t s  a 25 Klb payload s h u t t l e  and 
F igu re  6 ,  a 50 Klb EOS. These payloads (25 and 50 K l b )  
correspond t o  a round t r i p  t o  t h e  space  s t a t i o n  o r b i t .  The 
frequency of o p p o r t u n i t i e s  f o r  s o l u t i o n  p o i n t s  may be ob ta ined  
by r e f e r r i n g  t o  Table 1. Eighteen of t h e  s o l u t i o n s  l i s t e d  
have i n c l i n a t i o n s  g r e a t e r  than t h e  l a t i t u d e  of t h e  launch 
s i t e  ( 2 8 . 5 * ) ,  have a l t i t u d e s  greater than  1 0 0  nmi ,  and al low 
t h e  EOS t o  c a r r y  more payload than  t h a t  t o  t h e  space  s t a t i o n  
o r b i t .  The o r b i t  a t  1 0 1  nmi and 43' allows t h e  25 Klb EOS 
t o  d e l i v e r  47  Klb and t h e  50 K l b  EOS, 7 2  Klb. I t  a l s o  pas ses  
over  t h e  launch s i t e  d a i l y  and has  a l u n a r  o r b i t  oppor tun i ty  
once every o t h e r  month. One more s o l u t i o n  al lows a l a r g e  
payload b u t  has  an a l t i t u d e  l e s s  than  1 0 0  nmi. 

SUMMARY 

Many Ear th  o r b i t s  a r e  a v a i l a b l e  t h a t  o f f e r  f r e q u e n t  
zero-plane-change o p p o r t u n i t i e s  t o  t r a v e l  t o  a p a r t i c u l a r  
l u n a r  p o l a r  o r b i t  and t h a t  also pass  over t h e  launch s i t e  
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a t  l eas t  once every  s e v e r a l  days.  Many of t h e s e  a l low a 
g r e a t e r  EOS payload t h a n  does t h e  space  s t a t i o n  o r b i t .  
P r a c t i c a l l y  any o r b i t  can be used i f  E a r t h  and l u n a r  launch  
t i m e  i n t e r v a l s  are s u f f i c i e n t l y  long. 

1 0  13-  CSR- klm C. S. Rall 
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